Introduction
In ship structure design, mathematical optimization method has been used to solve structure optimization design for a long time, aimed at satisfying predefined design requirements (such as strength, stiffness, material, and manufacturing technique). With the development of computer technology, new design methods for ship structure optimization are widely used, such as fuzzy optimization, 1 expert system, neutral network method, and evolutionary algorithms 2 (genetic algorithm, ant colony algorithm, and particle swarm optimization). In recent years, the bionic optimization algorithm becomes a hot issue. Compared with traditional mathematical optimization method, the bionic optimization algorithm improves the global search ability and does not depend on solving mathematical characteristics of the problem. However, standard evolutionary algorithm is easily trapped in local optimum and appeared premature convergence in handling with a large complex optimization design problem. 3, 4 Quantum-behaved genetic algorithm is used in local hull structure optimization design. This method was mainly used in 0-1 knapsack problem and multiobjective optimization problem.
Quantum-behaved genetic algorithm was first proposed by Narayanan and Moore 5 . The algorithm introduces the concept of quantum universe more into the genetic algorithm to solve traveling salesman problem (TSP). Compared with the standard genetic algorithm, the search efficiency of quantum-behaved genetic algorithm is higher. However, the algorithm principle still belongs to the category of the genetic algorithm. After that, later, KH Han and JH Kim 6, 7 introduced the population migration mechanism and the quantum state vector concept into the genetic algorithm and put forward another calculation model of quantumbehaved genetic algorithm. This algorithm has better species diversity and higher search ability than the standard genetic algorithm. L Wang et al. 8 combined quantum search and evolutionary search and proposed a framework of hybrid quantum genetic algorithm for complex function optimization, as well as model parameter estimation. In this article, the quantum-behaved genetic algorithm will be applied for hull local structure optimization, which will improve the good global search ability and convergence speed of the algorithm.
Optimized parameter preprocessing for ship local structure Unconstrained optimization problems can be greatly solved by genetic algorithm. For constrained optimization problems, however, pretreatments must be performed to get a better feasible solution, including structural variable discretization, processing of constraints, and objective function setting. If all the ship design structural variables are carried out in accordance with the continuous variables, the optimal results are all continuous, which is not in conformity with the actual project requirements and not satisfy the requirement of the hull steel-type size normalization. In addition, the roundness optimal solution is not easy to construct. In order to solve this problem, ZS Ji et al. 9 proposed a mixed integer programming method to obtain optimal solution satisfying engineering requirement. In hull local structure design, the design variables are either continuous or discrete. For continuous design variables, set design precious as d, the upper and lower bounds of the design variables as u and l, respectively, and then the length of the binary code of genetic algorithm Nb can be expressed as
For discrete design variables, if design variables have multiple discrete values M, then the length of binary string k is
The local hull structure optimization belongs to nonlinear constraint optimization, which can be expressed as ð Þ is number of j equality constraint condition; and g j x ð Þ is the number of j inequality constraint condition.
Before using genetic algorithm, the constrained optimization problems are usually first transformed into unconstrained optimization problem. At present, abandoned transformation methods are widely used, such as the repair method, genetic operator modification method, and penalty function method. In this article, penalty function method is applied to dealing with ship structure optimization of non-linear constraint problem. Detailed method process will be given in experimental example.
Setting the objective function is a very important step in hull local structure optimization. Because the objective function will be mapped into the fitness function in genetic algorithm and the fitness function is one of the key elements for algorithm constitute. Fitness function values determine the size of the algorithm in the selection and breeding.
Quantum-behaved genetic algorithm for hull structure variable optimization
Some key concepts about quantum-behaved genetic algorithm Quantum bit. In computer field, binary number expressed in 0 and 1 is called bit. In bit calculation, 0 j i and 1 j i express spin down state and spin up state of the microscopic particles, respectively, called quantum bit. Quantum bit is the smallest quantum information storage unit. Symbol ''|.'' is Dirac notation, the quantum mechanics state representation of the operator. Quantum bit is usually defined as a unit vector in twodimensional complex plane, which can be represented as a linear combination of 0 j i and
where a and b are probability amplitudes and, in general, both can be complex numbers. Because the absolute squares of the amplitudes equate to probabilities, it follows that a and b must be constrained by the equation
where a j j 2 is the probability of outcome 0 j i, and b j j 2 is the probability of outcome 1 j i.When the quantum bit is in zero state, a j j 2 = 1 and b j j 2 = 0; when the quantum bit in a superposition state, it can contain 0 and 1 at the same time and also all possible information, thus the quantum genetic algorithm is to manipulate all these possible information.
Quantum rotation gate. In quantum computing, based on the quantum state, a series of unitary transformation can achieve certain logic transformation function, the implementation logic transformation of quantum device called quantum gate. Quantum gate has a lot of phyletic. According to its role, quantum gate can be divided into NOT gate, phase-shift gates, p=8 gate, Hadamard gate, and quantum rotating gate. The quantum rotation gate is commonly used in quantum genetic algorithm. Quantum rotating gate is defined as
where u is the rotation angle.
Quantum-behaved genetic algorithm implementation process
Quantum-behaved genetic algorithm is a product of integration of quantum computing and genetic algorithm. Quantum-behaved genetic algorithm requires probability search. Thus, the first step is to initialize the population. All of the chromosomes in the population are genes with quantum behavior. If q t j represents one quantum chromosome, then
where m is the number of quantum bits; j = 1, 2, . . . , n, where n is the size of population; and t is the genetic algebra. In the step of initialization, a
It means that one quantum bit chromosome represents the linear superposition of all possible states with the same probability
where S k is the number of k state of chromosome represented by the binary string x 1 x 2 Á Á Á x m ð Þ , where
Þ is either 0 or 1. The second step is to acquire a group of binary solution, P t ð Þ = p 
9. Record the optimal individual and the corresponding fitness value; 10. Go back to step (5) to determine whether the calculation process should stop or not.
Experimental examples and result analysis
Three following examples are used in this section:
1. Numerical optimization model with constraints; 2. Hull box section beam structure optimization; 3. One tanker channel transverse bulkhead optimization.
Numerical optimization model with constraints
Solve the following constrained optimization problem
s:t:
The surfaces of objective function and constraint functions are shown in Figure 1 . The surface of objective function tilts down in the negative direction of the axis x 1 , as shown in Figure 1 , the minimum point of the objective function with the constraints is located in the intersection of the cylinder and the plane, and the point of the intersection of the cylinder and the plane and the surface of objective function is the required minimum point, as shown in the projection lines of the surfaces of objective function and constraint functions in the planes of design variables, the minimum point is Table 1 shows the results after six times iteration. As shown in Table 1 , the optimization results are better than traditional mathematical methods on the convergence precision. The calculation time was shorter as well. The goal is to find the optimal sizes of flange and web to satisfy lightest structure weight. Set x 1 = t f and x 2 = h, then the mathematical optimization model is min f x ð Þ = 120x 1 + x 2 s:t:
Hull box section beam structure optimization
Fitness function is built by penalty function method 
where l is the penalty factor, l = 0:8; g j j = 1, 2, 3, 4 ð Þis the constraint condition.
Initial parameters for quantum-behaved genetic algorithm are as follows:
Population size, N = 40 Binary string code length, l = 20 Maximum number of generations, M = 200 Design variables are continuous variables. Table 2 shows the results of six times iteration. Compared with results in Xu 1 and Ji et al., 9 the convergence precision is higher and the calculation results are more accurate. As shown in Table 2 , the result f x ð Þ is 96.9261, which is better than the results in Xu 1 and Ji et al., 9 with the result value of 100.95 and 102, respectively. In addition, the optimal section area and calculation time are decreased. This example demonstrated the feasibility and validity of quantum-behaved genetic algorithm in engineering application.
One tanker channel transverse bulkhead optimization Figure 4 shows a corrugated transverse bulkhead of 65,000-W oil tanker. 1 In this section, the scantlings which satisfy lightest structure are found, according to the China Classification Society (CCS) standard. 10 Set corrugated bulkhead structure scantlings as design variables, as shown in Figure 4 . x 1 is the flat plate breadth of corrugated bulkhead, x 2 is the center distance length between flat plates, x 3 is the inclined plate breadth, x 4 is the bulkhead thickness, and x 5 is the plates' spacing.
The mathematical optimization model is built according to CCS rules 10 min f x ð Þ = 0:746064(
According to the design requirements, the design variables include discrete and continuous variables. Set x 5 as continuous variable and other design variables as Because x 1 , x 2 , x 3 , and x 4 are discrete variables and each of them has eight values, the length of binary string is calculated using formula (2)
Then, l i = 3. The binary string code of one quantum chromosome can be expressed as follows
Supposing the length of binary string code of continuous variable x 5 is 15, then the overall length of binary string of the quantum chromosome is
Fitness function is built by penalty function method
where l is the penalty factor, and J is the sum of constraints. Fitness function of this example can be expressed as follows
where l = 0:8, and g j j = 1, 2, . . . , 7 ð Þis the constraint condition.
Population size, N = 40 Binary string code length, l = 27 Maximum number of generations, M = 200 Table 3 shows the iteration results over six runs. The statistical performances of quantum-behaved genetic algorithm and standard genetic algorithm are shown in Figure 5 . As seen in Figure 5 , quantumbehaved genetic algorithm converges at the 23rd evolution generation and standard genetic algorithm converges at the 138th evolution generation. Hence, the convergence rate of quantum-behaved genetic algorithm is faster than standard genetic algorithm.
Conclusion
Three example results have proved that quantumbehaved genetic algorithm can be feasibly applied for hull local structure optimization with high calculation speed, especially for large complex structure optimization design. It needs to be mentioned that as the example in section ''One tanker channel transverse bulkhead optimization'' includes both discrete and continuous variables, the discrete variables are listed as a matrix, and a mapping matrix is rebuilt by the discrete variable matrix and decimal coding matrix. The y i i = 1, 2, 3, 4 ð Þ Figure 5 . Quantum-behaved genetic algorithm and the standard genetic algorithm evolutionary process.
mentioned before is the element in mapping matrix. In addition, penalty value has little impact on the optimization results, and the three examples show that it is appropriate that penalty value equals 0.8. The proposed algorithm is based on the standard genetic algorithm framework, using genetic coding strategy of quantum computing and quantum turnstile update operation to solve multi-target function optimization problem. Numerical simulation and structural dimension optimization results show that the quantumbehaved genetic algorithm can solve all the standard genetic algorithm optimization functions and not easy to fall into local optimum solution. The quality and efficiency are relatively stable. In addition, because the quantum-behaved genetic algorithm can use quantum rotation gate to update chromosomes, and does not need the initial setting of crossover probability and mutation probability as standard genetic algorithm, the influences on the result of the selection of algorithm parameters are reduced.
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